Introduction
Nematic liquid crystals (LCs) are a promising class of materials for photonic applications. [1] [2] [3] Their potential largely stems from their efficient reorientational response to external stimuli. For instance, under light irradiation the LC molecules with strongly anisotropic optical polarizability experience light-induced torque that tends to reorient them in the direction of incident light polarization. 4 It was shown in the 1990s that by doping nematic LCs with a small amount of light-absorbing dyes, the lightinduced torque can be enhanced by orders of magnitude, yielding a new class of photonic materials with extremely high optical nonlinearity. 5, 6 Thereaer, several strategies to further increase the nonlinearity, based, e.g., on incorporation of photochromic or polymeric dopants, controlling the surface anchoring, and polymer stabilization, have been proposed.
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The absorption-enhanced optical nonlinearity has been associated with different intermolecular interactions of the host LC with photoexcited versus ground-state dopants, 11, 12 yet the detailed role of dopant-host intermolecular interactions on the optical performance of nematic LCs is not clear. For organic materials to redeem their promise in, e.g., photonic computing, it is imperative to design materials whose optical performance can be controlled with compact and inexpensive light sources.
Typical nematic LC molecules, such as 4-cyano-4 0 -pentylbiphenyl (5CB, Fig. 1a ), contain polar substituents that can take part in noncovalent bond formation if the dopant molecules contain complementary functional groups. 13 Such specic noncovalent interactions have been used to construct supramolecular LC dimers or polymeric complexes from non-liquidcrystalline building blocks. 14, 15 In dye-doped LCs, on the other hand, typically less than 1 mol% concentration of the photoactive dopant is sufficient to signicantly enhance the optical response, 5, 16 and the effect of specic noncovalent interactions between dopants and host LC in such systems has largely been overlooked. The most important studies along these lines have been carried out by Marrucci and co-workers, who have investigated a series of anthraquinone-doped nematic LCs and proposed that hydrogen bonding (HB) and dipole-dipole interactions between photoexcited dye molecules and nematic host play a signicant role in the optical torque responsible for the photoinduced reorientation. 17, 18 We hypothesize that the photoresponse of dye-doped nematic LCs is also affected by ground-state specic noncovalent interactions, such as halogen bonding, between the dopant molecules and the LC host.
Halogen bonding (XB) is an attractive noncovalent interaction between an electrophilic region associated with a halogen atom in a molecule and a nucleophilic site. 19 It bears some unique characteristics compared to other noncovalent interactions, such as high directionality and adjustable interaction strength via substitution (for instance molecules 1 vs. 2 in Fig. 1a ). Due to its high directionality and tunablility, XB is an effective tool for crystal engineering, 20,21 construction of supramolecular LCs [22] [23] [24] [25] and building model systems for understanding what roles weak supramolecular interactions play in functional stimuli-responsive materials. For instance, using molecular libraries of azobenzene compounds, we have pinpointed the favourable role of XB when designing highperformance supramolecular polymers for light-induced surface patterning and optical poling. 26, 27 Given (i) the success of XB in the aforementioned applications, and (ii) the fact that the cyano group of 5CB can act as an acceptor for XB and for HB, 28, 29 halogen-bonding dyes provide an excellent platform for studying how systematically changing the substitution of one atom in the dopant affects the properties of the doped LC system.
In this article, we demonstrate that specic supramolecular interactions between the dopant molecules and the host LC indeed provide a pathway towards enhanced photoresponse of doped LCs. The study is conducted using three structurally similar dyes with different noncovalent-bond-donating capabilities (molecules 1-3 in Fig. 1a) , allowing us to identify that due to its high directionality, halogen-bonded dopants are particularly promising for enhancing the photoresponse of dyedoped liquid crystals.
Results and discussion
The material systems under investigation comprise a small fraction (0.3, 0.5, 1.0 mol%) of the azobenzene molecules 1-3 doped into 5CB (Fig. 1a) . The lone pair of electrons of the cyano group of 5CB may act as an acceptor for both XB (with the iodine and bromine atoms of molecules 1 and 2, respectively) and HB (with the para-hydrogen of molecule 3). Density functional theory calculations (see the ESI † for further details), minimizing the energy of the molecules 1-3 in the proximity of 4-cyano-4 0 -methylbiphenyl (1CB; used as a model compound for 5CB), indicate the existence of XB/HB in the material systems. The interaction energy of the optimized linear supramolecular complexes between the dopants and 1CB evolves in the order 1 (3.09 kcal mol À1 ) > 3 (2.17 kcal mol À1 ) > 2 (1.53 kcal mol À1 ). As pointed out previously, a region of positive electrostatic potential is localized in 1 and 2 along the extension of C-X bond (X ¼ I, Br), whereas that for 3 is essentially hemispherical around the H atom. 26, 30, 31 Therefore, this set of molecules allows us to control both the interaction strength (1 vs. 2) and the directionality (2 vs. 3) while keeping structural, spectral, and physical changes to a minimum.
Experimental evidence of the XB between 5CB and 1 was provided by cocrystallization experiments. The cocrystals were grown from a chloroform solution containing 5CB:1 in a 5 : 1 molar ratio and analyzed with a single-crystal X-ray diffractometer. The crystal structure, shown in Fig. 1b , conrms that the nitrogen atom of the cyano group of 5CB acts as an XB acceptor towards the iodine atom of compound 1. The N/I distance in such XB-adduct is 3.033(3)Å, which correlates well with the optimized value of 3.068Å obtained from DFT calculations, and corresponds to about 86% of the sum of van der Waals radii. 32 The C-I/N angle is 177.1 (5) or 177.4 (7) for the two disordered populations found in the crystal structure, which is well in line with the calculated value of 179.2 and the high directionality of the halogen bond. 31 Further details on the crystallographic characterization are given in the ESI. † Complementary support for XB between 5CB and 1 (at 1 mol% doping concentration) was obtained by following the cyano stretching vibration at 2225 cm À1 (see Fig. S2 †), which shied towards higher wavenumbers upon halogen bonding, as expected based on earlier observations. 23, 29 The infrared spectroscopic studies also conrmed that 1 is well-dispersed in 5CB at 1 mol% concentration, since the spectrum of 1 in 5CB differs from the spectrum of pure crystalline 1, as shown in Fig. S3 . † For molecules 2 and 3, while also well dispersed in 5CB, the intermolecular interactions were too weak to be detected via infrared spectroscopy, and no cocrystals could be grown. Fig. 2a presents the isotropic-to-nematic phase transition temperatures of the studied mixtures as a function of dye concentration (0.3-1 mol%), obtained with a differential scanning calorimeter (DSC) using a cooling rate of 1 C min À1 . The clearing points, obtained upon 1 C min À1 heating, are given in the ESI (Fig. S4 †) , and they follow similar trend. The reported values are obtained by averaging over the second and third cooling/heating scans. Essentially similar transition temperatures were obtained also when determining the phase transitions with a polarized optical microscope, conrming the reliability of the reported values. The phase-transition temperatures systematically decreased as a function of dye concentration for all the systems under investigation. This is expected, since the azobenzenes act as non-mesogenic dopants that destabilize the LC phase. More interestingly, however, systematic difference was observed among the three dopant molecules, and 1, forming the strongest supramolecular bond with 5CB, decreased the phase transition temperatures systematically less than 2 and 3. As shown by previous studies, many different types of interactions between the dopant molecules and the LC host contribute to the nal stabilization/destabilization of the LC phases. [33] [34] [35] [36] In the present case, however, the molecules are similar in their shape, size, and ground-state dipole moment (computed values are 7.1 D (1), 7.4 D (2), and 6.2 D (3); as a reference the computed dipole moment for 5CB is 6.2 D, being close to that of the dopants). Therefore, we can assume that the effects arising from dipole-dipole interactions, arene-arene interactions, as well as purely steric distortion of the LC state are comparable. In fact, as 1 is capped with the largest atom (iodine), it could be considered sterically the most destabilizing, 33 but despite this, it provides the smallest decrease in the isotropic-to-nematic phase transition temperature in the concentration range studied. This indicates that changing the type and the strength of supramolecular bonding between the dopant and 5CB plays an important role in dictating the properties of the doped LC.
We subsequently studied the doped LCs in planar cells (thickness 10 mm), in order to understand whether the dopant:5CB noncovalent interactions affect the order parameter of the azobenzenes in the homogeneously aligned 5CB matrix. The polarized absorption spectra shown in Fig. 2b (shown for 1 mol% dopant concentration only) provide further proof on the signicance of halogen bonding in doped LCs. The order parameter values, determined from polarized absorption spectra using the formula
where A k and A t are the absorbances in the direction parallel and perpendicular to the LC director, respectively, show a clear trend, evolving in the order 1 (0.54 AE 0.02) > 2 (0.48 AE 0.02) > 3 (0.38 AE 0.02). These values are obtained by averaging over at least 10 independent measurements, conducted from four different LC cells (two with 0.5 mol% and two with 1.0 mol% dopant concentration for each molecule; the doping concentration did not affect the order parameter). The trend in order parameters suggests that by increasing the halogen-bond strength (1 vs. 2) the dopants accommodate themselves better along the 5CB director, and indicate also that the directionality of noncovalent interaction (2 vs. 3, XB vs. HB) is important in dictating the alignment order of dopants in the nematic host. Although the calculated noncovalent interaction is stronger for 3 than for 2, the phase transition temperatures and the order parameter are higher for 2, indicating that 3 destabilizes more the LC phase. The lower order parameter of 3 (Fig. 2b ) may be to a minor extent affected by presence of small amount of residual cis-isomers, since the thermal half-life of 3 in 5CB was observed to be at least by a factor of 5 longer than that for 1 and 2 (Fig. S5 †) . Most of all, however, we attribute the experimental ndings to low linearity of the 5CB:3 complex, which has two nonlinear minimum conformations in addition to the linear one similar to that shown in Fig. 1b for 1 , associated with the larger extension of the positive electrostatic potential around H as compared to X. Such conformations originate from concomitant formation of C-H/N and C-H/F hydrogen bonds, the latter involving one of the uorine atoms adjacent to the para-hydrogen of 3 (see ESI for more detailed discussion †). Their interaction energy is 2.45 kcal mol À1 . We believe the competition between the almost isoenergetic conformational minima to be the predominant factor in explaining the differences of 5CB:3 as compared to 5CB:1/2. The results presented in Fig. 2 highlight that halogen bonding makes a difference in (i) the extent to which the dopant molecules destabilize the LC phase, and (ii) how efficiently they align themselves along the LC director. Based on these observations, it is reasonable to assume that halogen bonding would also enhance the photoresponse of the doped nematic LCs. To study this, we carried out diffraction experiments from planar LC cells upon interference irradiation. The interfering beams (488 nm, polarization along the LC director; setting the polarization of the interfering beams perpendicular to the LC direction yielded no measurable diffraction signal) were incident on the samples symmetrically, the interference period was set to either 40 mm (Fig. 3a and b ) or 30 mm (Fig. 3c) , and the intensity of each of the interfering beams was 1 mW cm À2 , unless stated otherwise. The diffraction was measured in the rst order with a nonresonant probe beam from a He-Ne laser (633 nm), with polarization coinciding to that of the interfering beams. The used pump-probe polarization combination was chosen because it yielded the largest diffraction efficiency, as illustrated in Fig. 3a using the 1 mol% 5CB:1 sample as an example. This can be explained as follows: at the positions of the interference maxima, light absorption and subsequent photoisomerization create disorder into the molecular alignment, thereby reducing the refractive index n in the direction parallel to LC director in the areas where light intensity is the highest. This leads to a signicant refractive-index contrast between the irradiated areas (lower n) and the non-irradiated areas (higher n). If the probe polarization is set perpendicular to the polarization of the interfering beams (and the LC director), the situation is reversed, and the irradiated (disordered) areas exhibit higher n than the non-irradiated (ordered) areas, yet the refractive-index contrast is smaller and the diffraction signal weaker (red curve). Fig. 3a also shows that the gratings, which are dynamic and disappear when the pump beams are turned off, can be rewritten several times on the same spot with identical diffraction efficiency (black and blue curves). Fig. 3b presents the intensity dependence of the diffracted signal for the 1 mol% 5CB:1 sample. As can be seen, the maximum diffraction efficiency increases monotonically with light intensity, in a comparable manner as reported earlier by Ouskova et al.
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Detailed analysis of the diffraction kinetics and its intensity dependence are out of the scope of this work, yet to facilitate comparison between 1-3, we decided to work at low-intensity regime (1 mW cm À2 ) where the kinetics is slower.
The diffraction experiments for 5CB:1, 5CB:2, and 5CB:3, given in Fig. 3c , correlate well with the trend observed for order parameters in Fig. 2 . The diffraction efficiency, which can be taken as a gure of merit for the optical response, develops in the order 1 > 2 > 3. The kinetics of the diffracted signal, i.e., diffraction maximum followed by a gradual decay with much slower dynamics, follows the tendencies observed in the literature, 36, 37 and is similar to all the studied systems. It suggests that several mechanisms contribute to the overall diffraction efficiency, including for instance molecular diffusion occurring upon irradiation, and non-ideal visibility of the interference pattern, resulting in small amounts of stray light also at the interference minima. We note that there seems to be no direct correlation between the diffraction kinetics and the cis half-lives (Fig. S5 †) of the azobenzenes used; for instance the signal vanished instantaneously for all systems when ceasing the irradiation. This is a further indirect indication that molecular diffusion plays a role in the diffraction kinetics. Rather than the dynamics of the diffracted signal, what is signicant is the fact that when using structurally similar dopants, halogen bonding between the dopant and the host clearly enhances the optical response of the material system. To the best of our knowledge, this provides a new design principle for LC photonics.
Conclusions
We have shown that supramolecular interactions between azobenzene dopants and a liquid-crystalline host (5CB) affect (i) the phase-transition temperature of the LC system, (ii) the order parameter of the dopant in the LC host, and (iii) the photoresponsive behavior of the material system. Due to its high directionality, halogen bonding is identied as a particularly effective noncovalent interaction in controlling the properties of doped LCs. Halogen bonding also provides the additional benet of controlling the LC-dopant interaction through singleatom substitution, i.e., with minimum changes to the structural, spectral, and physical properties of the dopant. By taking advantage of the design guidelines presented here and optimizing the molecules in terms of their capability to interact with the liquid-crystalline host (for instance, dopants functionalized with tetrauorophenol groups are interesting targets for future studies), one can control the miscibility of the dopants into the liquid crystal host, and as a consequence, the optical response of the material system, which is valuable for engineering high-performance liquid-crystal-based photonic devices.
Computational details and experimental

Computational details
The interaction energies for the complexes of 1, 2 and 3 with 1CB and the dipole moments of 1, 2 and 3 were calculated with Gaussian 09 Revision D.01 (ref. 38) at the PBE0/def2-TZVP level of theory. The interaction energies were corrected for the basis set superposition error using the counterpoise method as implemented in Gaussian 09. The QTAIM and IQA analysis were performed with AIMAll (version 16.10.31) 39 using the default parameters. Selected geometrical parameters of the optimized complexes are reported in Table S2 † together with the associated interaction energies. In Table S3 † we report the results of the QTAIM topological analysis.
Synthesis and material preparation
Compounds 1-3 were synthesized as previously reported. 40 4 0 -Pentyl-4-biphenylcarbonitrile (5CB) was purchased from Merck and used as received.
Co-crystallization procedure
Compound 1 was dissolved in chloroform (minimum amount at r.t.), in a clear borosilicate glass vial. 4 0 -Pentyl-4-biphenylcarbonitrile (5CB) was then added in a 5 : 1 molar ratio and the resulting solution was stirred at r.t. for 30 minutes. Slow evaporation of the solvent led to single crystals, which were cleaned from excess 5CB before data collection.
Single crystal X-ray diffraction analysis
Single crystal X-ray diffraction experiments were carried out on a Bruker Kappa Apex II CCD diffractometer with Mo Ka radiation (l ¼ 0.71073Å) and a Bruker Kryoex low-temperature device. Crystals were mounted on glass bers. Data collection and reduction were performed by SMART 41 and SAINT 42 and absorption correction, based on multi-scan procedure, by SADABS. 41 The structures were solved by SHELXS 42 and rened on all independent reections by full-matrix least-squares based on F o 2 by using SHELX-97. 43 Both molecules were disordered; they were rened with restraints both on geometric parameters and ADPs, but with independent and variable population factors.
Infrared spectroscopy
Infrared spectra were measured by drop-casting the starting materials and the complexes on the diamond crystal of a Golden Gate (Specac) attenuated total reection (ATR) accessory. Spectra were recorded using a Tensor 27 FT-IR spectrometer (Bruker Optics) equipped with a liquid nitrogen-cooled MCT detector. 100 scans were averaged with a 4 cm À1 resolution.
Cell preparation and characterization
For LC cell fabrication, two glass slides were rstly cleaned by successive sonication in acetone, isopropyl alcohol, and deionized water, and subsequently spin-coated with polyimide (JSR, AL1254), cured at 120 C for 2 h, and rubbed undirectionally. The rubbed glass slides were glued together, maintaining 10 mm separation between the two slides by using spacer beads (Thermo scientic). 5CB and 5CB:x mixtures were inl-trated into the cells, and the lled cells were sealed with epoxy gule. The cells were examined with hot-stage polarized-optical microscope (Olympus BH-2) in order to verify the N-I and I-N phase-transition temperatures, and verify the homogeneous molecular alignment. The cells were also examined with polarized UV-Vis absorption spectroscopy (Jasco V-650) in order to determine the order parameter of molecular alignment, using the absorption bands of the azobenzene dopants as probes.
Diffraction experiments
The optical experiments were conducted using a singlelongitudinal-mode, spatially ltered beam from an Ar + -laser (Coherent Innova, 488 nm), split into two beams using a beam splitter, that were then combined to yield an interference pattern with a periodicity of either 30 mm or 40 mm. Both beams were p-polarized, impinging on the sample symmetrically, such that the polarization direction coincided with the molecular director. The intensity of each beam was 1 mW cm À2 (unless otherwise stated). The resulting dynamic diffraction gratings were monitored with a low-power 633 nm probe beam from a He-Ne laser, with polarization parallel to that of the inscription beams (unless otherwise stated). The power of the probing light diffracted into rst order was measured as a function of time in order to determine the dynamics of the diffraction efficiency.
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